Abstract. Micro flexible rolling aims to fabricate submillimeter thick strips with varying thickness profile, where the surface quality of products is mainly determined by initial workpiece surface roughness and subsequent surface asperity flattening process, which is affected by process parameters during rolling. This paper shows a 3D finite element model for flexible rolling of a 250 μm thick workpiece with reduction of 20 to 50%, and rolling phase with thinner thickness indicates a better ability to decrease the surface roughness. Four types of initial workpiece surface roughness are studied in the simulation, and the influences of process parameters, such as friction coefficient, rolling speed and roll gap adjusting speed, on surface asperity flattening of workpieces with different initial surface roughness have been numerically investigated and analysed.
Introduction
Flexible rolling has been rapidly developed and gradually used on a large industrial scale in recent years to meet the rising demand for weight-saving and cost-efficient products as the roll gap may be adjusted to achieve a variable thickness along the metal sheet's length during the rolling process [1] . In the meantime, numerous research activities have been conducted to obtain a better understanding and make further development of this forming technology. Engler et al. [2] presented the process optimisation and control of material properties in the flexible rolling of aluminium alloy sheet based on labscale experiments, which elucidated the range of properties that could be realised through flexible rolling while maintaining reproducible constant material properties. Huang et al. [3] proposed a flexible rolling simulation model on the basis of Deform-3D and verified the feasibility of flexible rolling by comparison between simulation curve and target profile curve. They later discussed the influence of different process parameters on the quality of flexibly rolled products and optimised these parameters to obtain better results via orthogonal trial [4] . Kopp et al. [5] reviewed the flexible rolling process launched at the Institute of Metal Forming and the company Mubea. With a controlled online adjustment of the roll gap, any thickness transitions could be selected and adapted exactly to the demanded load of the product in use. Zhang et al. [6] derived a mathematical formula to control the vertical motion of the roll in flexible rolling, which proved effective by simulation outcomes, and they also found that the vertical velocity of the roll was significantly impacted by the length of the transition zone of flexibly rolled blank and the diameter and rotation speed of the roll. Liu et al. [7] [8] [9] set up formulas for calculating parameters, such as roll force, forward slip and horizontal velocity in flexible rolling, and performed finite element simulations and experiments to further verify the theoretical calculations. This technology had proved feasible and would become a new growth point in rolling area.
Additionally, exploration of flexible rolling at the microscale has currently begun to follow the technological development towards miniaturisation of engineering systems and devices. For instance, Qu et al. [10, 11] numerically modelled the flexible rolling process with initial workpiece thickness decreased to the micrometer range. They concentrated on looking into the springback of the workpiece along the thickness direction with consideration of the microstructure of the material. Nonetheless, few papers report the tribological feature as well as surface roughness transfer in this novel rolling technology. Most discussion about these issues has taken place in the field of conventional hot and cold rolling. Jiang et al. [12] established a finite element model to probe the effects of the flow stress of the oxide scale, the friction coefficients at the roll-scale and the scale-steel interfaces, the rolling speed and the temperature on the final surface roughness in hot strip rolling. The simulation results exhibited good agreement with the calculated ones, showing that the developed model was applicable in hot strip mills. Tang et al. [13] also simulated the evolution of surface roughness during hot strip rolling with oxide scale. They revealed that both the scale layer thickness and the surface roughness of work roll would affect the final surface roughness significantly, while the impact of asperity wavelength on the final roughness was not significant. Le and Sutcliffe [14] identified the way, in which different wavelengths of roughness behave by analysis of the spectrum of the surface roughness, utilising the fast Fourier transform method and quantified the area of the micro-pits with roll marks subtracted off via a newly developed image analysis technique in cold rolling of aluminium alloy. Some researchers have also studied the surface roughness transfer in the specific case of skin pass rolling. Kijima [15] experimentally and analytically investigated the influence of roll radius on surface roughness transfer in skin pass rolling of steel strip, taking into account the elastic deformation and surface roughness of the roll. The results indicated that the skin pass rolling related to roughened rolls was appropriately simulated with large radius rolls, and the peak pressure from vertical compression was the most significant parameter for roughness transfer under this condition. Afterwards, Kijima [16] conducted experiments to examine the effect of lubrication on surface roughness transfer in skin pass rolling with roughened rolls. It was pointed out that the rolled surface roughness decreased to a larger degree at a larger rolling force with lubrication than that with the dry condition, which was not clearly observed in the case of the small roll due to a short contact length in the roll bite. Kainz et al. [17] investigated and analysed the surface roughness transfer characteristics for both wet and dry skin pass rolling of hot-dip galvanised steel strips by utilising the finite element method. The simulation outcomes clarified that the basic transfer mechanisms of the 3D elasto-plastic forming processes were a combination of penetration processes and reverse extrusion phenomena. Moreover, the asperity flattening, another major mechanisms of contact interactions in metal forming processes, has been widely studied. Sadowski and Stupkiewicz [18] constituted a micromechanical framework to enquire into the impact of friction on asperity flattening in the presence of bulk deformation. Their findings showed that the friction promoted asperity flattening at high flattening rates, while an anomalous regime existed in which the friction slowed down asperity flattening when the flattening rate was low compared to the bulk deformation rate. Lu et al. [19] did experimental and theoretical work on the asperity flattening process under large bulk strain. They used specimens with two types of model asperities and the results disclosed that the pressure, bulk strain and asperity angles had effects on the asperity flattening and the ridge-shaped asperity exhibited a higher contact ratio than the pyramid-shaped asperity. Sutcliffe [20] analysed the flattening of random rough surfaces on a workpiece undergoing macroscopic deformation with a model of the surface composed of long and short wavelength components, which differed by a factor of 10. The asperities were found to be flattened at a rate depending on the ratio of the initial root mean square amplitudes of both wavelength components, and the flattening behaviour of the long wavelength asperities became dominant when the amplitude of the long wavelength asperities was much bigger than that of the short wavelength asperities. Consequently, it can be seen from the literatures that the investigation of the surface asperity flattening as well as the evolutionary changes of the surface in the particular case of flexible rolling is still a blank field, particularly when the workpiece is less than a millimeter in thickness.
In this study, a 3D micro flexible rolling finite element model is set up to analyse the surface asperity deformation and the surface roughness transfer of a 250 μm thick workpiece with reductions of 20 to 50%. Four kinds of initial workpiece surface roughness are separately applied to the workpiece, and how the friction coefficient, rolling speed and roll gap adjusting speed influence the final surface roughness are evaluated for each sort of initial surface roughness.
Analysis of surface roughness and deformation of surface asperity
The actual rough surface of the workpiece is approximated as an ideal rough surface in this investigation, which comprises a series of convex and concave surfaces of identical radii of curvature along rolling direction, as shown in Figure 1 . Consider the workpiece segment of length L, which is divided into n subsegments by (n-1) points evenly spaced on this workpiece segment. The central line average roughness R a may be calculated as [21] :
where y i is the distance between the curve and the x-axis which represents the central line. The R a value can be computed with sufficient accuracy if n is large enough. Figure 2 illustrates the surface asperity deformation mechanism during micro flexible rolling process. In the interaction between the roll and the workpiece, the roll surface is assumed to be smooth and rigid, and the workpiece asperities are flattened on account of the combined action of normal and tangential contact forces [22] , namely both convex and concave surfaces get flatter as their radii of curvature become larger, as depicted in Figure 2 . The final surface roughness profile depends on all deformations of the asperities in mixed characteristic, i.e. the asperities may be stretched or compressed in disparate directions, and the surface roughness transfer behaviour can be quantitatively estimated by the difference in R a value before and after flexible rolling. The roll was regarded as a rigid body, adopting 4-node 3D bilinear rigid quadrilateral elements (R3D4) with uniform mesh size of 0.05 mm, in order to eliminate the effect of its elastic deformation on the deformation pattern of the workpiece asperities. Whereas the workpiece was set as an elastoplastic body and meshed with 10-node modified quadratic tetrahedron elements (C3D10M), as these elements provide a better approximation of the waveform on the workpiece surface, as exposed in Figure 4 . The element size of the workpiece matrix was selected to be 0.02 mm, which moderately decreased to a much finer order of 0.005 mm for the workpiece surface layer, so that penetration can be avoided in the zone of contact between the roll and the workpiece. 
Steps and boundary conditions
The simulation of micro flexible rolling process employed the implicit method and involved four general, static analysis steps, which are as follows: initial contact, 20% reduction, thickness transition and 50% reduction.
At the first stage, the workpiece was made to move in the minus x direction to come into contact with the roll. After that the rolling phase with 20% reduction began and the workpiece continued forward movement with the aid of friction force between the two objects. When entering the stage of thickness transition, the roll was bestowed with a speed in the minus y direction to obtain the designed profile. This speed was suppressed immediately after reduction of 50% was reached, which also proclaimed the commencement of the rolling phase with 50% reduction.
The boundary conditions for each step are listed in Table 1 , where A u is the geometric centre of the upper roll, α is the middle surface of the workpiece to the thickness direction, v x , v y and v z are the velocity components in directions x, y and z, respectively, ω x , ω y and ω z are the angular velocity components of the roll rotating around the axes x, y and z, separately, Δh is the reduction amount, D is the diameter of the roll and l is the length of the zone of contact between the roll and the workpiece. Step Position Boundary conditions
Mechanical properties and

Initial contact
The workpiece was assigned with mechanical properties of 304 stainless steel including density (ρ), elastic modulus (E), Poisson's ratio (ν), initial yield stress (σ s0 ) and tangent modulus (E TAN ) at differing strain rates, whose values were originated from Ref. [23] and are given in Table 2 . The bilinear true stress-strain constitutive model with isotropic hardening has been utilised to simulate the material behaviour of the workpiece, which is shown in Figure 5 [10] . In regard to isotropic hardening, the yield surface of the von Mises yield condition in stress space grows in size while retaining its shape and position during plastic flow [24] . 
Results and discussion
Initial surface roughness of 1, 2, 5 and 10 μm, in conjunction with dissimilar rolling parameters, was successively adopted in the simulation to examine their interactive effects on the flattening process of surface asperities. Figure 6 presents the changes of workpiece surface morphology after flexible rolling, where initial surface roughness is 1 μm, friction coefficient 0.1, rolling speed 20 mm/s and roll gap adjusting speed 2.5 mm/s, respectively. It is observed that the surface asperities are largely flattened and the final surface profile approaches a smooth line.
In addition, a variety of mesh sizes were individually selected for the surface layer of the workpiece in order to optimise the mesh size, which yields satisfactory computational accuracy with least running time. Table 3 exhibits the influence of mesh size on the computational time and accuracy with other simulation parameters identical to those for Figure 6 . As can be seen in Table 3 , for either reduction the final surface roughness decreases sharply as the mesh size descends to 5 μm, and then makes a very slight decrease as the mesh size keeps continually dropping to 2.5 μm. NUMIFORM 2016 of 2.5 μm seems to be able to obtain more accurate results than other mesh sizes, the computational time soars to 226 h which is nearly 7 times longer than that for the mesh size of 5 μm. Based on this evidence, the mesh size of 5 μm has been used in the surface layer of the workpiece in the simulation. 
Effect of friction coefficient
As the friction coefficient usually ranges from 0.1 to 0.3 in cold rolling without lubrication, typical values of 0.1, 0.2 and 0.3 have been chosen for micro flexible rolling [25] . Figure 7 demonstrates the relationship between the final surface roughness and the friction coefficient for different initial surface roughness with regard to the reductions of 20 and 50%. It can be seen from Figure 7 that for both reductions, the final surface roughness of the workpiece decreases significantly with an increase of the friction coefficient for each level of initial surface roughness. This is mainly because the friction formulation between the roll and the workpiece employed the penalty method to place constraint to the workpiece [26] . The constraint grows stronger as the friction coefficient turns out to be greater, which leads to a more powerful prevention of workpiece deformation but a quicker occurrence of surface asperity 
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flattening. Therefore an increasing friction coefficient has an accelerating effect on the surface asperity flattening process. Table 4 shows the comparison between the simulation and experimental results on the effect of friction coefficient on final surface roughness. The experimental data are approximate values which were originated from Ref. [27] , where the initial surface roughness was very close to the value of 0.75 μm, hence simulations with initial surface roughness of 0.75 μm have been performed and the results are utilised in Table 4 . It is seen that the simulation results are in agreement with the experimental ones, namely the final surface roughness can be further reduced by increasing the friction coefficient. Another point to be noticed is that the increase in reduction gives a rise to the decrease of the final surface roughness, which is rather obviously reflected in the experimental data. The positive effect of friction coefficient on the flattening of surface asperities can also get convinced by Bay et al.'s work [28, 29] , where they argued that the real area of contact increased as the surface asperity flattening process was enhanced by the large friction factor. The exemplary simulation results with initial surface roughness of 10 μm are displayed in Table 5 , together with the experimental data appearing in Ref. [29] . As is seen from Table 5 that the final surface roughness may be decreased with increasing friction coefficient/factor, which results in a bigger real area of contact irrespective of the reduction or normal pressure. 
Influence of rolling speed
The influence of rolling speed on the final surface roughness is shown in Figure 8 , where the friction coefficient is 0.1 and roll gap adjusting speed is 2.5 mm/s for all cases.
As is noticed in Figure 8 , the increase in rolling speed can promote the process of surface asperity flattening and acquire a rolled surface with lower surface roughness, no matter what the original surface roughness of the workpiece and the reduction are. This being the case a higher rolling speed means a higher strain rate, which speeds up the progressive shearing process especially in the surface zone, and the applied stress may rise up to a higher level in the surface area under this condition, which eventually results in a larger amount of surface deformation of the workpiece [30] . Figure 9 shows the relationship between the final surface roughness and the roll gap adjusting speed with respect to the same friction coefficient and rolling speed for all instances. As can be noted in Figure 9 , the final surface roughness changes little with increasing roll gap adjusting speed, inasmuch as the variation of roll gap adjusting speed alters only the strain rate in the thickness transition area. In other words, the deformation history within the zones of 20 and 50% reductions hardly changes even though the roll gap adjusting speed varies in different cases. Consequently the roll gap adjusting speed plays an insignificant role in the surface asperity flattening process in the rolling phase with an invariable thickness.
Effect of roll gap adjusting speed
Effect of reduction and initial surface roughness
It can be found out from Figures 7-9 that the final surface roughness decreases with reduction and also reduces considerably as the value of the initial surface roughness falls down. The reason for this phenomenon is that the bigger reduction causes the asperity to be more depressed, thus the contact area between the roll and workpiece surface increases, making the whole surface layer deform more evenly and the rolled surface smoother. According to the same reasoning, the asperities with smaller initial roughness are easier to be flattened and attain a larger contact area during the rolling process, which brings about better surface finish of the rolled workpiece.
Conclusions
This research analyses the surface roughness transformation in flexible rolling of a 250 μm thick workpiece with reduction increasing from 20 to 50% by finite element modelling. The simulation outcomes can generate the following conclusions: 
